INTRODUCTION
Both producers and consumers of animal products have concern for the environmental sustainability of production systems. Added to these concerns is the need to increase production to meet the demand of a growing worldwide population with an increasing desire for high-quality protein. The beef industry has defined sustainability as meeting the growing demand for beef by balancing environmental responsibility, economic opportunity, and social diligence. Measuring sustainability is challenging, as the beef supply chain is one of the most complex food systems in the world. In a proactive effort to identify opportunities to improve sustainability, the U.S. Beef Sustainability Research Program was launched in 2011. A methodology was developed to characterize beef cattle production systems throughout 7 climatic regions of the United States and assess their performance and environmental impact . Based on the regional production data, a comprehensive life cycle assessment (LCA) is ABSTRACT: A comprehensive national assessment of the sustainability of beef is being conducted by the U.S. beef industry. The first of 7 regions to be analyzed is Kansas, Oklahoma, and Texas. A survey and visits conducted throughout the region provided data on common production practices. From these data, representative ranch and feedyard operations were defined and simulated for the varying climate and soil conditions throughout the region using the Integrated Farm System Model. These simulations predicted environmental impacts of each operation including cradle-to-farm gate footprints for greenhouse gas emissions, fossil-based energy use, nonprecipitation water use, and reactive N loss. Individual ranch and feedyard operations were linked to form 28 representative production systems. A weighted average of the production systems was used to determine the environmental footprints for the region where weighting factors were developed based on animal numbers reported in the survey and agricultural statistics data. Along with the traditional beef production systems, Holstein steer and cull cow production from the dairy industry in the region were also modeled and included. The carbon footprint of all beef produced was 18.3 ± 1.7 kg CO 2 equivalents (CO 2e )/kg carcass weight (CW) with the range in individual production systems being 13 to 25 kg CO 2e /kg CW. Energy use, water use, and reactive N loss were 51 ± 4.8 MJ/kg CW, 2,470 ± 455 L/kg CW, and 138 ± 12 g N/kg CW, respectively. The major portion of each footprint except water use was associated with the cow-calf phase; most of the nonprecipitation water use was attributed to producing feed for the finishing phase. These data provide a baseline for comparison as new technologies and strategies are developed and implemented to improve the sustainability of cattle production. Production information also will be combined with processing, marketing, and consumer data to complete a comprehensive life cycle assessment of beef.
to be conducted to quantify the sustainability of the full beef production chain using the BASF (Florham Park, NJ) socio-eco-efficiency tool (SEEBALANCE; Kolsch et al., 2008) .
The first region for in-depth study is Kansas, Oklahoma, and Texas, a region maintaining 25% of the beef cows and finishing 37% of the beef cattle produced in the United States (NASS, 2014) . Our objective was to use information collected from surveys and site visits (Asem-Hiablie et al., 2015) to model representative ranches and feedyards to determine cradle-to-farm gate footprints for greenhouse gas emissions, fossil energy use, nonprecipitation water use, and reactive N loss for the beef cattle produced in this region. The ultimate goal is to identify and quantify environmental, social, and economic inputs and outputs of representative production systems for all cattle producing regions of the United States.
MATERIALS AND METHODS
To characterize beef cattle production systems, information on production practices was gathered through a survey and site visits of ranches and feedyards in the region (Asem-Hiablie et al., 2015) . Cattle on operations managed by survey respondents and by owners of the operations visited represented 0.8% of the cows maintained and 9% the finished cattle sold for slaughter in the region. These included ranches with various combinations of cow-calf, stocker, and finish cattle varying in size from 2 to 5,000 animals and feedyards with capacities ranging from 3,800 to 115,000 cattle. Most characteristics of operations did not vary much across states, but there were differences in stocking rates, the amount of forage harvested, and feedyard size from the wetter, eastern side of the region to the dry, semiarid conditions of the western side.
Modeling Procedure
To characterize the wide range of operations found in the region, 28 beef cattle production systems were modeled using the Integrated Farm System Model (IFSM; Rotz et al. 2014) . These consisted of 7 ranches in both Kansas and Oklahoma and 8 in Texas. Three feedyards were modeled in Kansas, 1 in Oklahoma, and 2 in Texas. Each state was divided into eastern, central, and western areas primarily because of the large range in precipitation found moving from east to west (Asem-Hiablie et al., 2015) . The representative ranches and feedyards were distributed across these areas to assure representation of climatic, edaphic, and management differences.
The IFSM is a research tool used to assess and compare the environmental and economic sustainability of agricultural production systems. The model provides a process-level simulation of the performance, environmental impact, and economics of farms, ranches, and feedyards . Crop production, feed use, animal performance, and the return of manure nutrients back to the land are simulated for many years of weather on a crop, beef, or dairy operation. Growth and development of crops are predicted for each day based on soil water and N availability, ambient temperature, and solar radiation. Simulated tillage, planting, harvest, storage, and feeding operations predict resource use, timeliness of operations, crop losses, and nutritive quality of feeds. Feed allocation and animal responses are related to the nutrient contents of available feeds and the nutrient requirements of the animal groups making up the herd. For beef operations, the animal groups can include cows and bulls, calves, replacement animals, stockers, and finishing cattle (Rotz et al., 2005) . Energy, protein, and mineral requirements for each animal group are determined using relationships from the Cornell Net Carbohydrate and Protein System, level 1 (Fox et al., 2004) . The quantity and nutrient contents of the manure produced are a function of the feeds consumed and herd characteristics.
Nutrient flows are tracked to predict losses to the environment and potential accumulation or depletion in the soil. Environmental losses include NH 3 emissions, denitrification, and leaching losses of N; erosion of sediment across farm boundaries; and the runoff of N and P . Simulation of a production system provides the direct emissions and resources used each year. A cradle-to-farm gate partial LCA (Rotz et al., 2010 ) is done to determine annual carbon, energy, water, and reactive N footprints. These represent the net greenhouse gas emissions, fossil energy use, water use, and reactive N loss from the production system, respectively.
The LCA includes prechain sources, which are those that occur during the production of resources used in the production system. These include fuel, natural gas, electricity, fertilizer, purchased feed, machinery, seed, and pesticides. Emission factors representing national values for these sources were those used by Rotz et al. (2013) . For emissions and resource use associated with purchased corn and forage, values were obtained from the output of IFSM simulations of crop farms in this region. Factors for corn were 0.32 kg CO 2 equivalents (CO 2 e), 3.75 MJ, 1.5 kL, and 0.35 g N/kg of feed DM for greenhouse gas emissions, energy use, nonprecipitation water use, and reactive N loss, respectively. Factors determined for forage production were 0.25 kg CO 2 e, 3.0 MJ, 1.0 kL, and 0.15 g N/kg of feed DM, respectively. The total of direct and prechain sources divided by the carcass weight (CW) produced provided each environmental footprint.
The performance and environmental impact of each ranch and feedyard were simulated over 25 yr of historical weather for their area within the region. Weather files were assembled for a county in each area using daily data for solar radiation; mean, maximum, and minimum temperatures; precipitation; and wind speed. Hourly meteorological data sets were obtained from the Integrated Surface Database of the National Climatic Data Center (NOAA, 2014) . These meteorological data were processed using AERMET, a meteorological processor (USEPA, 2004) before integrating the hourly measurements into the daily values needed for IFSM. Temperature, wind speed, and precipitation were directly measured. Solar radiation was approximated from measured temperature, sensible heat, Bowen ratio, albedo, and cloud cover using relationships described by Cimorelli et al. (2004) . Weather stations were selected for each location within the region with the criteria that 1) precipitation measurements were complete and reliable and 2) there were no periods of more than a few days of missing temperature and wind speed data. For days with missing data, measurements from the closest National Oceanic and Atmospheric Administration weather station were used.
A summary of the weather data used for each area within the region is given in Table 1 . Annual precipitation decreased considerably moving from the eastern side of each state to the west, with the highest precipitation in eastern Texas (Jefferson County). There was also a slight trend toward greater solar radiation and wind speed moving from east to west, and temperatures increased moving from north to south in the region.
Soils vary considerably across the region. Soil characteristics were set for each area of the region based on USDA official soil series descriptions. Predominant soils were identified for the eastern, central, and western areas of each state. From these predominant soils, typical textural characteristics were determined (Table 2) , which were used in the simulation of each ranch and feedyard in the designated area within the state.
The transport of animals between production phases was included external to the IFSM simulations. Fuel use was estimated based on a typical semi-trailer truck capacity of 24,000 kg of live weight with a fuel efficiency of 2.6 km/L, which provided a round trip fuel use of 0.000033 L/(km•kg) live weight and a carbon emission of 0.088 g CO 2 e/(km•kg) live weight. Average hauling distances of 800, 400, and 200 km were assumed from eastern, central, and western ranches, respectively. Transportation contributed less than 1% to total energy use and other environmental footprints, so more accurate assumptions were not justified.
A number of previous studies have evaluated and verified the accuracy of the IFSM in representing dairy and beef operations. In an evaluation of the cattle production system of the U.S. Meat Animal Research Center, simulated feed production and use, energy use, and production costs were within 1% of actual records for 2011 . In comparisons with experimental data, the model was able to represent NH 3 (Waldrip et al., 2014 ) and greenhouse gas (Stackhouse-Lawson et al., 2012) emissions from beef cattle with good agreement with measured data. For further verification in the current study, model predictions such as feed use, energy use, other resource inputs, and animal performance were compared to survey data to assure that simulated operations were representative of the region.
Ranches
Twenty-two representative ranches were used to characterize nonfeedlot cattle production in the region (Table 3) . These represented a range of production systems including cow-calf, stocker, cow-calf and stocker, and cow-calf to finish operations. They also represented a range in size. The size and type of ranches simulated in each area of the region were based on the data collected through the producer survey and ranch visits (Asem-Hiablie et al., 2015) . All parameters describing the ranches were set to represent typical or average conditions found in the area. The major difference across the region was a decrease in stocking rate or increase in grazing area allotted per animal moving from east to west (Table 3 ). The greater precipitation on the eastern side enabled greater forage production and thus fed more cattle per unit of land.
Other differences found across the region were related to fertilizer use and hay production (Asem-Hiablie et al., 2015) . In the wetter climate of the east, fertilizer was used more often. Even in this climate, fertilizer use was relatively low and most often used to produce annual small grain crops for grazing. Fertilizer application rates used on each ranch were set to represent average or typical amounts found in the survey of the region. Some lime was applied in this region but this was limited to a few of the most intensively managed operations in the east (Asem-Hiablie et al., 2015) . In our simulations, lime was applied on 1 small ranch in the eastern side of each state.
Some forage was harvested and preserved as hay for feeding during periods when grazed forage was not available. Hay was primarily made in the east and central areas with little made in the west (Asem-Hiablie et al., 2015) . Hay making was included in the simulation of several ranches where the hay area was set to provide the amount of forage reported to be harvested for on-ranch use as cattle feed in that area of the region (Table 3) . Energy and protein supplement feeds were 2 Hectares of perennial grassland harvested as hay in a spring harvest and grazed the remainder of the year.
3 Weighting factors used to determine average environmental impacts for each state. The operational factor represents the relative portion of all ranches represented by this type based on survey data (Asem-Hiablie et al., 2015) . The location factor represents the portion of beef cows located in this part of each state based on agricultural statistics data (NASS, 2014).
fed as needed and to match quantities reported as used in the region (Asem-Hiablie et al., 2015) .
Equipment used on ranches was set based on the number of cattle managed. One pickup truck was assumed for every 500 or less tot al of cows, bulls, stockers, and feeders maintained on the ranch (Asem-Hiablie et al., 2015) . All-terrain vehicles were included in each ranch with 1 used for each 300 to 400 animals maintained. Each ranch normally included 2 tractors, but 1 was used on the smallest operations and 3 or 4 were used on the largest. When hay was produced on a ranch, hay equipment (mower-conditioner, rake, baler, and wagons) was included in the simulation. A no-till grain drill was also included when an annual small grain crop was used on the ranch. The hours of use machinery received varied with the size of the ranch and the types of machinery operations performed. Each pickup was used 350 to 700 h/ yr. Tractors were normally used 400 to 900 h/yr, and allterrain vehicles were used 100 to 900 h/yr. The lower end of the range in use normally occurred on smaller ranches with the upper end found on the largest ranches.
Because energy use was an important part of our evaluation, simulated fuel and electricity uses were compared to that reported during ranch visits. Total simulated fuel use for the ranch was divided by the total number of cows, stockers, and feeder cattle on the ranch to compare to the per-animal numbers reported from ranch visits (Asem-Hiablie et al., 2015) . Simulated fuel use for individual cow-calf ranches varied from 50 to 108 L/cow with a mean of 63.1 L/cow. This was greater than the range of 32 to 56 L/cow (mean of 44 L/cow) found on ranch visits. Simulated electricity use ranged from 16 to 175 kW•h/cow with a mean of 88 kW•h/cow, which was similar to that reported on ranch visits (9 to 100 kW•h/ cow with mean of 71 kW•h/cow). With fuel and electricity combined, total energy use on the simulated cow-calf ranches was 2,600 MJ/cow, which was very similar to the 2,100 to 2,600 MJ/(cow•yr) of direct energy use reported by Zilverberg et al. (2011) for cow-calf ranches in central Texas. For combined cow-calf and stocker operations, the mean simulated fuel and electricity use was 52.3 L/animal and 113 kW•h/animal, respectively, which compared well to values reported on ranch visits (47 L/animal and 140 kW•h/animal, respectively; AsemHiablie et al., 2015). Combined, this was an energy use of 2,300 MJ/animal for this type of operation.
Feedyards
Six feedyards were simulated to represent the finishing phase of most cattle in the region (Table 4) . These consisted of 3 in Kansas (east, central, and west), 1 in western Oklahoma, and 2 in western Texas. Feedyards varied in size, finishing 10,000 to 180,000 cattle/yr, with the smallest located in the east and the largest in the west. Sizes and locations were set based on our industry survey (Asem-Hiablie et al., 2015) and published agricultural statistics data (NASS, 2014). For 1 feedyard, 10% of the cattle were grazed as stockers before entering the feedyard, and for 3 feedyards, a portion of the cattle were backgrounded on the feedyard before receiving the finishing diet. On the smallest feedyard, all weaned calves were backgrounded for 4 mo and subsequently finished in 6 mo. On the central Kansas and western Oklahoma feedyards, cattle were backgrounded for 2 mo and finished in 5 mo; therefore, all cattle were assumed to arrive from a cow-calf operation where cattle were managed as stockers for a few months before arriving at the feedyard. For the largest feedyards, all animals arrived after a 5-to 7-mo stocker period and were finished in 4 to 5 mo. Average finish weights (including heifers and steers) varied between 570 and 610 kg (Table 4 ). All cattle were assumed to be treated with growth implants and ionophores except for those on the smallest feedyard.
Most of the modeled feedyards were assumed to maintain a small amount of cropland for disposal of feedyard runoff water with a minor amount of manure applied (Table 4) . This land was used to produce corn and/or small grain silage for cattle feed. Manure nutrients primarily came from runoff liquid that was applied using center pivot irrigation. Dry manure was removed from pens twice per year. Most of the manure was exported from the feedyard as raw, dry manure, which was used to produce crops for cattle feed. Some of the manure was composted and marketed for uses other than producing crops for cattle feed. For the central Kansas feedyard, a large land base was farmed to produce a major portion of the feed required by the cattle. On this operation, all of the manure was returned to the cropland producing feed. For the cropland managed by the feedyards, most of the plant nutrition was obtained from the applied manure, but manure application was limited to avoid excessive application of P. With this constraint, some N fertilizer was applied (40 to 50 kg/ha) to meet requirements. Equipment used on feedyards included feed trucks, loaders, tractors, pickups and cattle trucks, and all-terrain vehicles. One feed loader and 2 feed trucks were assumed for about every 20,000 cattle maintained on the yard (Asem-Hiablie et al., 2015) . This equipment was operated about 10 h/d for every day of the year. A tractor was used for every 10,000 to 15,000 cattle maintained with each operated 600 to 800 h/yr. Pickups and cattle trucks were used with 1 truck for every 5,000 to 7,000 cattle and these were operated about 600 h/yr. Other equipment was used as needed for planting crops and handling manure. Following the survey information, no-till planting of crops was normally assumed.
To further verify simulated energy use on feedyards, simulated annual uses of fuel, natural gas, and electricity were compared to that reported by actual feedyards (Asem-Hiablie et al., 2015) . Simulated fuel use on individual feedyards varied from 3.3 to 8.5 L/finished animal with a mean of 4.7 L/animal, which compared closely to that reported (2.7 to 8.2 L/animal). Simulated natural gas use (primarily for making steam flaked corn) varied from 7.1 to 13.5 m 3 /finished animal with a mean of 11 m 3 /animal. Electricity use varied from 31 to 43 kW•h/finished animal with a mean of 35.7 kW•h/ animal. These values also compared well to the range in reported values (10 to 34 m 3 /animal and 32 to 38 kW•h/ animal; Asem-Hiablie et al., 2015).
Production Systems
After simulating individual ranches and feedyards, environmental footprints from the individual operations were integrated to form full production systems. Two analyses were performed. First, a representative production system was analyzed by simulating each individual cow-calf and stocker operation and feedyard without backgrounding cattle and averaging the results for each of the 3 phases. Environmental impacts from each phase expressed per unit of finished CW were summed to obtain the full production system impacts and their distribution across the 3 production phases. In a second step, environmental footprints were determined representing the full region. Each appropriate combination of cow-calf, cow-calf and stocker, stocker, and feedyard operations were linked to form full production systems. These production systems also included the smaller cow-calf to finish operations found in each state.
The environmental impacts of each individual operation were determined and expressed per unit of projected CW produced. Environmental impacts included direct NH 3 , CH 4 , N 2 O, and CO 2 emissions and overall footprints for net greenhouse gas emission, fossil energy use, nonprecipitation water use, and reactive N loss. For cow-calf operations, CW was the sum of cull and projected finished cattle weights multiplied by their respective dressing percentages. Annual cull animal weight was determined using the herd replacement rate (15 to 20%), a mortality of 3%/yr, and a dressing percentage of 50%. Final CW of the calves produced was determined as the number of calves finished multiplied by their projected finish weight and a dressing percentage of 62%. The number of calves leaving the cow-calf phase was determined considering a twin rate of 2% and a calf mortality rate of 12% minus those used as replacements. An annual postweaning mortality rate of 2.5% was assumed to obtain the projected number of finished cattle. Summing values from each of the feasible combinations of the simulated operations provided results for full production systems.
When determining environmental impacts for the full region, values from all production systems were not treated equally. For further refinement, weighted mean values were determined for the region where weighting factors were used to reflect the importance of individual operations to the overall region. The sum of 2 weighting factors was used for ranches: an operation factor and a location factor (Table 3 ). The operation factor was determined from survey data and represented the number of cows reported using the given operation type as a proportion of the total number of cows in that area of the state. The location factor, determined from agricultural statistics data (NASS, 2014) , was the total number of cows in that area of the state divided by the total number of cows in the state. For feedyards, only the location factor was used, determined by dividing the number of cattle finished in that area of the state by the total number of cattle finished in the state (Table 4) . As a final step, values for each state were weighted by the number of cattle (beef cows plus cattle on feed; NASS, 2014) in the state divided by that for the full region.
The procedure described provided values for the production of traditional beef cattle breeds. There were also a substantial number of Holstein cattle from the dairy industry providing beef in the region. These included dairy cull calves raised on a calf ranch and finished in feedyards along with the traditional beef breeds and cull cows from dairies processed for beef. The environmental impact of Holstein steers was determined by simulating calf production alone using the IFSM where most of the feed for the first 2 mo was obtained from milk replacer. The simulation provided the environmental impacts of the production system including any feed and resource inputs other than milk replacer. The primary ingredient in milk replacer is whey, so environmental impacts of whey powder were used with values of 12.1 kg CO 2 e/kg DM, 58.1 MJ/kg DM, and 1,450 kg water/kg DM for carbon emission and energy and water use, respectively (Kim et al., 2013) . For reactive N loss, economic allocation was used to attribute 25% of the footprint of whole milk to the whey byproduct giving a value of 45 g N/kg of whey powder. These values obtained for the first year of the animal's life were combined with those of the initial allocation to the dairy calf and feedyard finishing to provide values for the full production system. The allocation to the calf leaving the dairy farm was obtained by simulating a dairy farm in Texas where the total environmental impact was allocated between milk and meat using a biophysical allocation based on the mass of each produced (IDF, 2010) . Mortality rates were the same as those assumed for beef breeds.
The number of cull dairy cows used for beef was determined from the number of dairy cattle maintained in the region (NASS, 2014) , an annual replacement rate of 35%, and a mortality rate of 5%. The environmental impacts allocated to cows leaving the dairy operation were obtained through the simulation of the dairy farm and the same biophysical allocation procedure used for cull calves (IDF, 2010) . The factors determined were 7.1 kg CO 2 e, 18.7 MJ, 5.7 kg water, and 90.5 g N/kg BW for the carbon emission, energy use, water use, and reactive N loss, respectively. A dressing of 50% was used to convert BW to CW.
The environmental impacts of the beef produced in the region were then adjusted to account for that coming from Holstein cattle. For Holstein steers, a weighted adjustment was made based on the ratio of Holstein over total cattle finished. From our survey, 8.3% of the cattle in feedyards were Holstein. When the estimated number of calves coming from dairy farms was compared to total cattle on feed (NASS, 2014), a similar ratio of 9% was found. Therefore, totals for the region were determined as 91.7% from traditional beef breeds and 8.3% from Holstein. Carcass weight for Holstein steers was determined as 59% of a finished BW of 573 kg (Stackhouse-Lawson et al., 2012) . The adjustment to account for cull dairy cows was made based on the ratio of cull cows to cattle on feed (NASS, 2014) ; the average for the region was 10%.
Sensitivity and Uncertainty Analyses
Predicted environmental footprints are affected by relationships and parameters used to simulate individual farm components that consume resources and/or produce emissions. To determine the relative importance of individual components, a sensitivity analysis was conducted to evaluate effects on simulated values of each of the environmental footprints. This analysis is useful for identifying components that have the greatest effect on predicted resource use and emissions and for indicating the associated error if there was an incorrect assumption affecting this component.
A sensitivity index was determined as the percent change in the predicted footprint divided by a 10% change in the component tested. A sensitivity index near or greater than 1.0 suggests a high sensitivity where a 10% change in the factor tested results in an equal or greater change in the predicted difference in the footprint. An index near 0 indicates a low sensitivity where there is little change in the predicted output with changes in the tested factor.
Production system assumptions will have an effect on the sensitivity of individual components. For example, in beef production systems, there are 3 distinct phases that do not share similar characteristics and emission sources will vary depending on the phases used and the time animals remain in individual phases. Therefore, system changes such as removing the stocker phase will affect the overall sensitivity indexes; however, to limit the complexity of the analysis, these effects were not evaluated. The sensitivity analysis was limited to determining the effect changes in major components had on the full region carbon emission, fossil energy use, nonprecipitation water use, and reactive N loss.
Uncertainty analysis quantifies the confidence in the predicted footprints. All production system environmental impact estimates have an uncertainty associated with their prediction. Uncertainty of the overall footprint is determined by defining the uncertainties of each major component contributing to the footprint. Statistical quantification of biological system uncertainties requires large data sets that are not available. Another option is to use expert opinion to estimate the uncertainty of each major component of the total footprint (IPCC, 2006a) . The uncertainties of these components of each production phase are combined to give the overall uncertainty in the estimated footprint. The overall uncertainty is determined as the square root of the sums of squares of each individual component times its estimated uncertainty (IPCC, 2006b) .
Uncertainties in predicting individual greenhouse gas emissions were those used by Stackhouse-Lawson et al. (2012) based on Tier 2 methodologies of the International Panel on Climate Change (2006a). The uncertainty in predicting enteric CH 4 emission was ±10% and that for manure CH 4 emissions was ±20%. An uncertainty of ±50% was used for N 2 O emission from field and manure surfaces. For fuel combustion and secondary emissions, an uncertainty of ±20% was used. In determining total energy use, the uncertainty in predicting all individual energy components was set at ±20% except for animal transport, which was set at ±40%. Distances for animal transport were not specifically measured because this operation had a minor contribution to the overall energy footprint. Uncertainties assigned for predicting water use were ±20% for drinking water and ±30% for water used in feed production. Little information exists on predicting the uncertainty of N emissions and losses with process models. Based on our experience with the model, uncertainties in predicting NH 3 emission, leaching and runoff loss, nitrification and denitrification, combustion emission, and secondary loss were each set at ±20%. Considering that our analysis enforced a long-term N balance on each ranch and feedyard, these assumed individual uncertainties likely overestimated the uncertainty in total reactive N loss.
RESULTS AND DISCUSSION
Results of the analysis of beef production are presented in 2 forms. The first is a breakdown of the major impacts of a full production system representing an average or typical production method for the region. For this analysis, the distribution of values is presented across the cow-calf, stocker, and feedyard phases of the full cattle production system. For the second form, the weighted average footprints across all simulated production systems are presented including the contribution from Holstein steers and cull dairy cows.
Representative Production System
Most cattle in this region are produced through the 3 phases of cow-calf, stocker, and finishing where cattle are maintained on ranches through the first 2 phases and then transported to feedyards for finishing. To obtain the impacts of a representative production system of this type, simulated values were obtained for 9 cow-calf ranches, 3 stocker ranches, and 3 feedyards simulated across the region. Mean values for the 3 types of operations are listed in Table 5 with all results expressed per unit of CW. This CW includes that of cull cows and bulls from cow-calf operations and finished steers and heifers.
Total feed consumption to produce beef was 20.4 kg DM/kg CW with 66% consumed in the cow-calf operation, 16% in the stocker operation, and 18% in the feedyard (Table 5 ). Drinking water consumption followed the same trend with 70% consumed in cow-calf production, 12% in stocker production, and 18% in the feedyard. Seventy-two percent of the fuel and 62% of the electricity were used in cow-calf production. In the feedyard, 3% of the fuel, 18% of the electricity, and 100% of the natural gas were used to produce beef cattle in this region.
Important emissions in cattle production include NH 3 and greenhouse gases. A total NH 3 emission of 88 g/kg CW was found for the full production system with 43% emitted from feedyard manure and 44% emitted from urine and fecal deposits of grazing cattle in the cow-calf phase (Table 5) . Greenhouse gases were primarily emitted from the cow-calf phase, due to the breeding stock living on the land for a full year to produce a calf and the increased enteric emission from these cattle consuming a high-forage diet (Table 5) . In this analysis, CO 2 emission came through the burning of fossil fuels and the use of lime on crop and pasture land. Not much lime is used in this region, but that used contributed 66% of the CO 2 emission associated with the cow-calf phase. Methane and N 2 O emissions also primarily came from the cow-calf phase where 73% of the CH 4 and 66% of the N 2 O were emitted.
The total carbon footprint of this production system, including prechain sources, was 20.2 kg CO 2 e/kg CW (Table 5) , which is similar to values found in other studies. In a previous summary of 7 farm-gate LCA of beef cattle production , reported carbon footprints ranged from 9.7 to 19.2 kg CO 2 e/kg BW (about 17 to 31 kg CO 2 e/kg CW) with an average around 13 kg CO 2 e/kg BW (21 kg CO 2 e/kg CW). Of this total, 67% of the footprint was associated with the cow-calf phase, which is also consistent with previous LCA. Total fossil energy input was 52 MJ/kg CW with 50% used in the cow-calf phase and 26% used in the feedyard. This was similar to that found previously for a production system in Nebraska . Nonprecipitation water use primarily occurred through irrigation of feed crops fed in feedyards. The total was 1,913 L/kg CW with 57% associated with the finish operation. Total reactive N loss was 122 g N/kg CW with 53% lost from the cow-calf phase and 31% lost from the finishing phase (Table 5) . This was 18% less than that found by Rotz et al. (2013) due to less fertilizer use in this region. No other studies were available for comparison.
Regional Analysis
Environmental impacts varied widely among the 28 production systems simulated across the region. Differences in climate and management practices among simulated ranches and feedyards were the main sources of variation. Total greenhouse gas emissions (carbon footprint) ranged from 14 to 26 kg CO 2 e/kg CW with a mean of 19.0 ± 1.8 kg CO 2 e/kg CW (Table 6 ). No particular strategy was found to be most efficient, indicating that many parameters can impact the efficiency of production. The lowest value was for a system where weaned calves went directly to a feedyard for backgrounding, which reduced time to slaughter and used a lower forage diet, but other low values were obtained for systems that included a stocker operation. The highest values were found for cow-calf to finish operations where cattle were on the same ranch for their life cycle, and these represented a small portion of the total cattle. The weighted mean carbon footprint for the whole region was similar to the mean at 19.1 ± 1.8 kg CO 2 e/kg CW.
When Holstein cattle were included in the life cycle analysis, the mean carbon emission for the region decreased to 18.3 ± 1.7 kg CO 2 e/kg CW (Table 6 ). This occurred because of the relatively low emissions and resource use allocated to a Holstein calf obtained from a dairy operation (Stackhouse-Lawson et al., 2012) . Maintenance of the breeding stock in a beef cattle production system contributes a major portion of the environmental footprint of beef production. Because the dairy calf is a byproduct of the dairy farm, it has a much smaller footprint. The dairy cow also has a lower footprint than a beef cow because a portion of her environmental footprint has been allocated to milk production (Rotz et al., 2010) . Because Holstein cattle make up a relatively small portion of the total cattle in this region, these differences had a relatively small impact on the regional footprint.
Fossil energy use for the individual production systems varied from 26 to 83 MJ/kg CW (Table 6 ). The mean of the 28 systems and the weighted mean were similar at 54.5 ± 5.1 and 54.1 ± 5.1 MJ/kg CW. The inclusion of Holstein cattle dropped this energy footprint to 51.2 ± 4.8 MJ/kg CW for the same reasons as those for the carbon footprint.
Nonprecipitation water use varied widely from 976 to 7,630 L/kg CW across the production systems, influenced primarily by the amount of irrigation used to produce feed crops (Table 6 ). The weighted mean (2,575 ± 475 L/kg CW) was 18% greater than the mean because more irrigation was used for feed production in Texas and in the western side of the region where most of the cattle were finished. Inclusion of Holstein steers increased the water use per unit of CW because these cattle spent more time on feedyards consuming feed from irrigated crops. With the inclusion of cull dairy cows, water use dropped to 2,470 ± 455 L/kg CW because some of their water use was allocated to milk production.
Reactive N loss also had a wide range due primarily to the influences of climate (Table 6 ). Runoff and leaching of N was greater in the eastern side of the region due to more rainfall. In the western side, N loss was minimal except for NH 3 volatilization. The weighted mean for the region (135 ± 11 g N/kg CW) was similar to the mean. Including Holstein steers had little effect, and including Holstein cows gave a slight increase due to greater N losses from more intensively managed dairy operations.
Sensitivity Analysis
Major components of the carbon footprint of beef cattle production include enteric CH 4 emission, CH 4 and N 2 O emission from manure, N 2 O emission from pasture and cropland, CO 2 from fuel combustion and lime use, and prechain emissions during the manufacture of resources used. The regional footprint was moderately sensitive to enteric CH 4 , slightly sensitive to prechain emissions and N 2 O from pasture and cropland, and relatively insensitive to combustion and manure sources (Fig. 1a) . Therefore, the carbon footprint of beef cattle production in this region was not highly sensitive to any one component. If steps are taken to reduce the carbon footprint of cattle, the greatest impact can be made by focusing on reducing enteric CH 4 production. Reducing this source is very difficult, though, without interfering with animal productivity and perhaps raising public health concerns for chemical residues in meat (Johnson and Johnson, 1995; Boadi et al., 2004; Hristov et al., 2013) .
Energy use is primarily associated with prechain sources, particularly the production of purchased feed. Therefore, the total fossil energy use for producing cattle in this region is very sensitive to assumptions making up prechain emissions (Fig. 1b) . One of the most important factors is the energy required to produce corn. The value determined and used for this region (3.75 MJ/ kg DM) was similar to that used previously for corn produced in the Midwest . This value can vary depending on the production practices used and the amount of irrigation required. Energy use was found to be slightly sensitive to the fuel used to produce feed within our defined production system. Total fossil energy use was not sensitive to that used in animal feeding, manure handling, and animal housing.
More than 95% of the water used in beef cattle production in this region is used to produce feed through crop irrigation. Therefore, the nonprecipitation water footprint is highly sensitive to crop use and insensitive to drinking water use by cattle.
The major source of reactive N loss is NH 3 emission from grazing land and feedyards. The reactive N footprint was most sensitive to NH 3 emission, moderately sensitive to nitrate leaching from grazing land and N 2 O emission, and relatively insensitive to fuel combustion and prechain sources (Fig. 1c) . To reduce the reactive N footprint, major steps must be taken to reduce NH 3 emissions and the N saved must be efficiently used for feed production to avoid greater losses from other sources. This will be particularly challenging because over half of the NH 3 emission comes from open pastures and rangeland (Table 5) .
Overall Conclusions and Implications
Environmental footprints of beef cattle production in the Kansas, Oklahoma, and Texas region were found to be 18.3 ± 1.7 kg CO 2 e/kg CW, 51 ± 4.8 MJ/kg CW, 2,470 ± 455 L/kg CW, and 138 ± 12 g N/kg CW for 2 Mean footprints of production systems weighted by operation type, regional location, and animal numbers in each state.
3 Weighted value including Holstein steers making up 8.3% of the cattle finished in the region.
4 Weighted value including Holstein steers and culled dairy cows from the region used for beef.
5 CO 2 e = CO 2 equivalents. Figure 1 . Sensitivity of the environmental footprints of beef cattle production to changes in the major sources. The sensitivity index is the ratio of the percent change in output over the percent change in input.
greenhouse gas emission, fossil energy use, nonprecipitation water use, and reactive N loss, respectively. These footprints provide a baseline for comparison as new technologies and strategies are used to improve the sustainability of cattle production. Along with other gathered and simulated production information, they also provide an important component for a full LCA of beef produced in the United States.
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